Each participant was tested in the presence or absence of background noise, with either 1 4 0 normal hearing or a simulated hearing loss in one ear (see below), for a total of 4 unique test 1 4 1 conditions (i.e. normal hearing in quiet; normal hearing in background noise; earplug in 1 4 2 quiet; earplug in background noise). Within each session, participants were tested for 15 mins 1 4 3 on each of these conditions (~400 trials), with the testing order randomized across approximately 1hr, and were given short breaks between conditions. During these test 1 4 6 sessions, participants were not given any feedback on their performance; correction trials and 1 4 7 easy trials (see above) were also turned off. those observed in previous studies (Kumpik et al., 2010; Keating et al., 2016) . To provide an overall measure of performance, we calculated the average magnitude of errors noise), sound levels and stimulus types (broadband or narrowband). The statistical 1 7 7 significance of these fixed effects was then assessed using mixed-effects ANOVAs, with 1 7 8 7 subject as a random effect, followed by appropriate post-hoc tests corrected for multiple 1 7 9
comparisons. To test the predictions of the hemispheric model (see below), we calculated the mean 1 9 1 response for each stimulus location in quiet and assessed how it changes in the presence of 1 9 2 background noise. Since this requires separate measures for each stimulus location, data were 1 9 3 pooled across sound level. For normal hearing conditions, we found that our data were 1 9 4 symmetric around the midline (i.e. data for the left and right sides of space were opposite in 1 9 5 sign but were otherwise very similar). To test this symmetry directly, our statistical model Middlebrooks, 2001) . We then changed the standard deviations of these Gaussians (to 2 4 2 sharpen tuning) or multiplied the Gaussians by a scale factor (to reduce responses). All relevant code is available on request from the corresponding author. We began by measuring the impact of background noise on sound localization under normal 2 5 0 hearing conditions, focusing on the role of binaural spatial cues (Interaural Time Differences: ITDs; Interaural Level Differences: ILDs). To do this, we used narrowband target sounds, 2 5 2 which prevent subjects from using monaural spectral cues to sound location. Target sounds 2 5 3 were presented at various locations in the front hemifield, either in quiet or in the presence of 2 5 4 continuous broadband noise located directly in front of the listener (Fig. 1A ). This was done 2 5 5 to facilitate comparison with previous work (Furukawa and Middlebrooks, 2001) . Targets 2 5 6 also varied in frequency and intensity (corresponding to different signal-to-noise ratios were very similar in each case and so are plotted together (no significant interactions between 2 5 9 frequency/intensity and noise condition, mixed-effects ANOVA, p > 0.05). With normal hearing, subjects performed this task well in a quiet environment, We then asked whether individuals are more vulnerable to background noise if they 2 6 4 experience a hearing loss in one ear. To do this, we simulated a partial unilateral hearing loss 2 6 5 by requiring the same subjects to wear an earplug in one ear. This delays and attenuates the 2 6 6 input to the plugged ear (Kumpik et al., 2010; Keating et al., 2016) , which alters the two 2 6 7 primary sound localization cues (ITDs and ILDs). When subjects wore an earplug, sound However, when subjects wore an earplug, the effect of background noise was opposite 2 7 2 to that observed with normal hearing (significant interaction between background noise and 2 7 3 hearing loss conditions; mixed effects ANOVA, F (1,576) = 45.1, P < 0.001; Fig. 1B ).
7 4
Surprisingly, we found that background noise improved sound localization when subjects 2 7 5 wore an earplug (p<0.05, post-hoc test; Fig. 1B ). This result was not limited to a specific 2 7 6 target frequency, with similar results observed if we conducted separate analyses for low-2 7 7 frequency targets (< 1.5 kHz; where ITDs are the primary cue to sound location) or high- previous work, we therefore used linear regression to estimate bias and slope values for Methods). Under normal hearing conditions, subjects showed very little bias, with similar bias 2 9 7 values observed in the presence and absence of background noise (p > 0.05, post-hoc test, If subjects were to perform our task perfectly, the slope of the relationship between 3 0 6 stimulus and response would be equal to 1, with deviations above or below this value 3 0 7 reflecting errors in sound localization. When locating narrowband sounds in a quiet 3 0 8 environment, normal hearing subjects showed slope values very close to 1 (Fig. 1C,H) . sound is presented at 30°, it tends to be perceived further to the right (~50°; Fig. 1D ), with Conversely, when subjects wore an earplug, slope values were < 1 when locating 3 1 6 sounds in a quiet environment, and were considerably lower than the slope values observed slope values closer to their optimal value (i.e. 1). In this way, background noise partly 3 2 8 reverses the two main effects of simulated unilateral hearing loss. Broadband sound localization is more robust to the effects of background noise 3 3 0
Since we presented our background noise directly in front of the listener, a simple 3 3 1 explanation for a reduction in bias is that the background noise acts as a reference point that life, not only in our task). However, if this were the case, bias would be shifted by the same 3 3 6 amount for all target sounds, including those with broadband spectra. To test this, we 3 3 7 therefore investigated the effect of background noise on sound localization using broadband 3 3 8 targets.
3 3 9
Contrary to this hypothesis, we found that background noise changed bias values (and 3 4 0 overall errors) in a stimulus-specific way (i.e. data obtained using broadband targets differed 3 4 1 from that obtained using narrowband targets; significant 3-way interactions between 3 4 2 background noise, hearing loss and stimulus conditions; mixed-effects ANOVAs; bias 3 4 3 values: F (1,928) = 10.9, P = 0.001; overall errors: F (1,928) = 23.6, P < 0.001). In particular, when 3 4 4 subjects located broadband sounds, background noise had no effect on bias values or overall effects of background noise. It also suggests that our subjects are not simply using the 3 5 0 background noise as a reference point and therefore requires an alternative explanation. We next considered previous work that investigated the spatial tuning of auditory neurons work is that background noise suppresses neuronal responses in a location-specific way. In tend to be broadly tuned to sounds presented on the contralateral side of space. This is 3 5 9 reflected in the population response for each hemisphere (Fig. 3A ; see Methods). However, 1 3
To assess how sharper spatial tuning might influence behavior, we implemented a represented by the difference in mean activity between the two hemispheres (hemispheric 3 7 0 difference). We therefore calculated hemispheric differences in activity for different 3 7 1 background noise conditions (quiet background or continuous background noise presented at 3 7 2 the midline; Fig. 3B ), using Gaussian fits to previously published neurophysiological data For target sounds presented in the front hemifield background noise exaggerated 3 7 5 differences in activity between left and right auditory cortex, particularly for locations ~45° 3 7 6 from the midline (Fig. 3B ). For example, when a target sound was presented 15 degrees to 3 7 7 the right in the presence of background noise, it produced the same population response (i.e. To illustrate this, we simulated neural responses for quiet and noisy conditions using observed for our behavioral data). These neural responses were then decoded by the model 3 8 7 (see Methods). When we simulated quiet conditions, the model performed well (Fig. 3C ).
8 8
However, when we simulated noisy conditions, the 'perceived' (i.e. decoded) locations of 3 8 9 target sounds were pushed away from the midline (Fig. 3D) . This increased the slope of the 3 9 0 relationship between stimulus and response ( Fig. 3D, red line) , but had no effect on overall 3 9 1 bias. This is broadly consistent with what we observed in our behavioral data for narrowband 3 9 2 sounds under normal hearing conditions. In the model, we next tested the effect of background noise for each target location. To do 3 9 5 this, we calculated the mean response for each target location and assessed how much it 3 9 6 changed in the presence of background noise (Fig. 3E ). In the model, pushing effects were 3 9 7 symmetric around the midline (i.e. in each hemifield, target sounds were pushed away from the midline). The greatest pushing effect also occurred for intermediate separations between target and background noise (±30 deg), and declined for greater separations. To test these 4 0 0 predictions, we therefore reanalysed our normal-hearing behavioral data to estimate the 4 0 1 degree of pushing observed for targets presented at different locations.
Pushing effects depend on spatial separation between target and background noise

0 2
In our behavioral data, we found that the pushing effect is also symmetric around the ANOVA, p > 0.05; Fig. 3F ). We additionally found that the pushing effect is greatest for narrowband targets showed greater pushing effects than broadband targets, particularly close 4 0 8 to the midline (significant differences between narrowband and broadband data at 15° and 4 0 9 30°; post-hoc tests, p < 0.05). The pushing effect for narrowband targets was also more 4 1 0 sensitive to the separation between target location and background noise (relative to 4 1 1 broadband targets; significant interaction between stimulus type and target eccentricity; In the neurophysiological data, background noise reduces the magnitude of neural responses 4 1 5 and sharpens their spatial tuning (Fig. 3A) (Furukawa and Middlebrooks, 2001 happens when we vary each of these factors separately. When we reduced the magnitude of 4 1 8 the neural responses, but kept the tuning widths constant (Fig. 4A) , the hemispheric 4 1 9 differences in activity were reduced. In the hemispheric model, the 'perceived' locations of 4 2 0 target sounds were therefore pulled toward the midline (Fig. 4B) , which is opposite to what 4 2 1 we observed in our behavioral data (Fig. 3F ).
2 2
However, when we sharpened the spatial tuning of the neural responses, but kept their 4 2 3 maxima constant (Fig. 4C ), the hemispheric model produced pushing effects (Fig. 4D ) that 4 2 4 are broadly similar to those observed behaviorally (Fig. 3F ). As the tuning width becomes the magnitude of the pushing effect and the target location that exhibits the greatest amount 4 2 8 of pushing. Interestingly, this relationship parallels the differences we observed in our 4 2 9 behavioral data between narrowband and broadband targets (Fig. 3F ). This means that the 4 3 0 1 5 stimulus differences we observed in our behavioral data are consistent with differences in a 4 3 1 single parameter (i.e. degree to which spatial tuning is sharpened by background noise). tuning of neurons if they are exposed to background noise presented away from the midline 4 3 6 ( Fig. 5A) (Furukawa and Middlebrooks, 2001) . In such circumstances, the background noise to that produced by a target on the left in a quiet environment (Fig. 5B ). In the model, the noise is presented further from the midline (80°; Fig. 5B,C) . hemisphere ipsilateral to the background noise, spatial tuning is primarily sharpened by 4 4 8 background noise whilst the peak response remains relatively unchanged (Fig. 5A,C) . Conversely, in the hemisphere contralateral to the background noise, the peak response is 4 5 0 considerably reduced by background noise whilst the tuning curve width remains less 4 5 1 affected (Fig. 5A,C) . To illustrate the role played by each hemisphere in the hemispheric 4 5 2 model, we therefore considered what would happen to the hemispheric difference if 4 5 3 background noise affected only a single hemisphere (i.e. we calculated the hemispheric 4 5 4 difference using spatial tuning curves obtained in the presence of noise for one hemisphere, for the hemisphere contralateral to the background noise, the hemispheric difference shifts 4 5 7 toward more negative values (blue, Fig. 5D ). This is consistent with target sounds being background noise solely for the hemisphere ipsilateral to the background noise, the 4 6 0 hemispheric difference shifts toward more positive values (yellow, Fig. 5D ). This is 4 6 1 consistent with target sounds being pulled toward the side of the background noise. When the 4 6 2 1 6 hemispheric difference is computed, the effects of lateralized background noise in each 4 6 3 hemisphere therefore oppose one another and partly cancel. If subjects wear an earplug, background noise presented at the midline produces binaural 4 6 6 spatial cues that favour the side of the open ear (Eric Lupo et al., 2011; Keating et al., 2016) . is perceived. For narrowband sounds, this is precisely what we found (Fig. 1G ). However, we 4 7 2 wanted to know whether this pushing effect varies with target location. We therefore 4 7 3 reanalysed our behavioral data for subjects wearing an earplug. In particular, we calculated the mean behavioral response for each target location and 4 7 5 assessed how much it changed in the presence of background noise (Fig. 5E ). Although individuals who suffer from hearing loss (Moore, 1996; Lorenzi et al., 1999a; Bronkhorst, 4 8 7 2000; Lorenzi et al., 2006; Helfer and Freyman, 2008; Akeroyd, 2014) . Surprisingly, Under normal hearing conditions, sound localization was relatively unaffected by background 4 9 5 noise, with errors only increasing for narrowband targets. However, we ensured that target 4 9 6 sounds were clearly audible by using signal-to-noise ratios (SNRs) ≥ 0. Previous work 4 9 7
3 2
Effects of lateralized background noise in the hemispheric model
suggests that background sounds impair sound localization by reducing target audibility 4 9 8 (Good and Gilkey, 1996; Abouchacra et al., 1998; Lorenzi et al., 1999a, b; Brungart et al., 4 9 9 2005; Kopco et al., 2010; Kerber and Seeber, 2012; Lingner et al., 2012 ; Wood and Bizley, 5 0 0 2015). Greater effects of background noise may therefore occur at more adverse SNRs. Nevertheless, we found that the perceived location of targets was pushed away from the 1993; Canevet and Meunier, 1996; Getzmann, 2002; Best et al., 2005 ; Reed and van de Par, 5 0 6 2015). We also found greater pushing effects for narrowband targets, which indicates that the 5 0 7 pushing effect is a feature of binaural spatial processing. Previous studies have shown that the , 2005) . However, because we tested a wider range of spatial separations, we found that the 5 1 0 pushing effect declines for even greater spatial separations. By using broadband and 5 1 1 narrowband targets, we also found that the effect of spatial separation is stimulus-specific.
1 2
To explain the behavioral effects of background noise, previous models have relied 5 1 3 upon a neural map of space with an array of neurons (or 'spatial channels') tuned to different 5 1 4 locations (Suzuki et al., 1993; Best et al., 2005) . In these models, sound location is represented by the neurons (channels) that fire most, and competing sounds repel one another 5 1 6 because of competitive interactions between neurons tuned to adjacent locations in space.
1 7
These models therefore predict greater pushing effects for targets that are closer to the 5 1 8 background noise, which is not observed behaviorally (Best et al., 2005) . A second difficulty 5 1 9
for these models is that neurophysiological studies in mammals are inconsistent with an array 5 2 0 of neurons tuned to different spatial locations. Instead, neurons within a single hemisphere 5 2 1 tend to be broadly tuned to sounds presented in the contralateral hemifield(Brugge et al., This includes a predicted relationship between the magnitude of the pushing effect and the 5 2 8 target location that exhibits the greatest amount of pushing. In the model, these effects occur 5 2 9 because background noise sharpens spatial tuning, which has been observed in a number of 5 3 0 different studies (Brugge et al., 1998; Furukawa and Middlebrooks, 2001; Mokri et al., 2015;  5 3 1 Wood et al., 2018).
3 2
Nevertheless, the greater robustness of broadband sound localization (relative to 5 3 3 narrowband) suggests that the brain may do more than simply average the activity of neurons 5 3 4 tuned to different frequencies (Day and Delgutte, 2013; Goodman et al., 2013) . If this is the 5 3 5 case, then the effects of background noise may be smaller in neurons that integrate 5 3 6 information across frequency. One implication of this is that spatial representations may 5 3 7 become more robust at higher levels of the auditory system, where frequency tuning tends to 5 3 8 be broader. Greater robustness may also be achieved by taking into account differences in the Consistent with previous studies, we found that sound localization was impaired when and Kistler, 1997; Hawley et al., 1999; Van Wanrooij and Van Opstal, 2004, 2007; Kumpik 5 4 7 et al., 2010; Irving and Moore, 2011; Strelnikov et al., 2011; Rothpletz et al., 2012; Agterberg 5 4 8 et al., 2014; Keating et al., 2016; Parisa et al., 2017; Asp et al., 2018; Nelson et al., 2018) .
4 9
This disruption of sound localization was greater for narrowband sounds (relative to 5 5 0 broadband), which suggests that the effects of unilateral hearing loss may be mitigated by 5 5 1 combining information across frequency. Previous work has shown that subjects rely more on 5 5 2 the spectral cues provided to the intact ear following unilateral hearing loss (Van Wanrooij 5 5 3
and Van Opstal, 2004 , 2007 Kumpik et al., 2010; Keating et al., 2013; Keating et al., 2016) . However, these spectral cues are unavailable if narrowband sounds are used, which would 5 5 5 explain worse localization performance for these stimuli. Nevertheless, when subjects wore
